Acute intermittent hypoxia (AIH) facilitates phrenic motor output by a mechanism that requires spinal serotonin (type 2) receptor activation, NADPH oxidase activity and formation of reactive oxygen species (ROS). Episodic spinal serotonin (5-HT) receptor activation alone, without changes in oxygenation, is sufficient to elicit NADPH oxidase-dependent phrenic motor facilitation (pMF). Here we investigated: 1) whether serotonin 2A and/or 2B (5-HT2A/B) receptors are expressed in identified phrenic motor neurons, and 2) which receptor subtype is capable of eliciting NADPH-oxidase-dependent pMF. In anesthetized, artificially ventilated adult rats, episodic C4 intrathecal injections (3 × 6µl injections, 5 min intervals) of a 5-HT2A (DOI) or 5-HT2B (BW723C86) receptor agonist elicited progressive and sustained increases in integrated phrenic nerve burst amplitude (i.e. pMF), an effect lasting at least 90 minutes post-injection for both receptor subtypes. 5-HT2A and 5-HT2B receptor agonist-induced pMF were both blocked by selective antagonists (ketanserin and SB206553, respectively), but not by antagonists to the other receptor subtype. Single injections of either agonist failed to elicit pMF, demonstrating a need for episodic receptor activation. Phrenic motor neurons retrogradely labeled with cholera toxin B fragment expressed both 5-HT2A and 5-HT2B receptors. Pre-treatment with NADPH oxidase inhibitors (apocynin and DPI) blocked 5-HT2B, but not 5-HT2A-induced pMF. Thus, multiple spinal type 2 serotonin receptors elicit pMF, but they act via distinct mechanisms that differ in their requirement for NADPH oxidase activity.
arises in part from intermittent activation of peripheral chemoreceptors, stimulating brainstem serotonergic neurons, which have been hypothesized to release 5-HT in the phrenic motor nucleus (Kinkead et al. 2001) . Subsequent 5-HT2 receptor activation within the phrenic motor nucleus is necessary for pLTF (Kinkead et al. 1998; Fuller et al. 2001; Baker-Herman and Mitchell, 2002; . Additional requirements of AIH-induced pLTF include NADPH oxidase activity ) and reactive oxygen species (ROS) formation . Episodic spinal 5-HT receptor activation in the absence of AIH is sufficient to induce NADPH oxidase-dependent phrenic motor facilitation (pMF), an effect similar in magnitude and time course to AIHinduced pLTF. Specific 5-HT receptor subtype(s) responsible for 5-HT induced pMF are not known ). Since multiple 5-HT2 receptor sub-types are expressed in respiratory regions (Kubin and Volgin, 2008; Basura et al., 2001) , we sought to determine which 5-HT2 receptor subtypes are capable of eliciting pMF, suggesting a possible role in AIH induced pLTF.
Two subtypes of metabotropic Gq-protein coupled 5-HT2 receptors stimulate NADPH oxidase activity (Peng et al. 2006) . For example, sensory long-term facilitation of ex vivo carotid chemoafferent neurons can be elicited by episodic bath application of 5-HT (3×15 sec, 5 minute intervals), and this facilitation requires 5-HT2A receptor-dependent increases in NADPH oxidase activity (Peng et al. 2006 ). Exogenous 5-HT also increases NADPH oxidase activity and ROS formation in renal mesangial cells, an effect inhibited by pretreatment with a 5-HT2A receptor antagonist (Grewal et al. 1999 ). On the other hand, angiotensin II elicits 5-HT2B receptor-dependent increases in NADPH oxidase activity in rat cardiac fibroblasts (Monassier et al. 2008) . Further, 5-HT2B receptor activation increases NADPH oxidase-derived ROS formation, and increased phosphorylation of cytosolic subunits necessary for catalytic activation of the NADPH oxidase complex in differentiated 1C11 clonal cell lines (Schneider et al. 2006 ). Since 5-HT2A and 5-HT2B metabotropic receptors both couple to Gq proteins (Hannon and Hoyer, 2008) and both activate NADPH oxidase, thereby increasing ROS formation, they both appear to have the requisite characteristics to induce NADPH oxidase-dependent pMF.
Since multiple 5-HT2 type receptors stimulate NADPH oxidase activity without intermittent hypoxia, we investigated: 1) whether episodic spinal 5-HT2A or 5-HT2B receptor activation (without hypoxia) is sufficient to elicit phrenic motor facilitation in vivo (i.e. pMF), and 2) whether these forms of pMF require spinal NADPH oxidase activity. Whereas both receptor subtypes elicit pMF, only 5-HT2B receptors did so by an NADPH oxidase dependent mechanism.
Experimental Procedures
Experiments were performed on 3-4 month old male Sprague Dawley rats (Colony 218A, Harlan, Indianapolis, IN. USA). All experiments were approved by the Animal Care and Use Committee at the School of Veterinary Medicine, University of Wisconsin-Madison. All attempts were made to minimize the quantities of animals used in these studies.
Surgery
Surgical procedures were performed on isoflurane (~3.5%) anesthetized rats with 50% inspired O 2 (balance N 2 ) on a stainless steel heated surgical table. Immediately on induction of anesthesia, a rectal thermistor (Fisher Scientific, USA) was inserted, and body temperature was maintained constant (37-38°C) by adjusting the temperature of a water bath that perfused water to the surgical table. An O 2 sensor (TED 60T, Teledyne Analytical Instruments, USA) monitored inspired O 2 concentration which was accurately adjusted when necessary by manually switching the mixed ratio's of N 2 and O 2 supplied from gas tanks. A tail vein catheter (24 gauge, Surflo, Elkton, MD, USA) was inserted to allow an infusion pump (Cole-Palmer, Vernon Hills, IL,USA) to deliver a slow (1.5-2ml/hr) infusion of a 1:1 lactated Ringers:hetastarch solution to assist in maintenance of blood pressure (6% Hetastarch; Hospira Inc., IL, USA) and base excess (Lactated Ringers, Baxter, IL, USA). A small amount (1:20) of sodium bicarbonate (8.4% Hospira Inc., IL, USA) was also added to the infusion solution. Rats received an initial 1ml intravenous injection of lactated ringers over a 5 minute period to minimize early changes in base excess.
Rats were tracheotomized and bilaterally vagotomised through a midline ventral incision made in the neck. A polyethylene catheter (PE50, I.D/O.D.-0.58mm/0.965mm; Intramedic MD, USA) connected to a pressure sensitive transducer (Gould Pressure Transducer, P23, USA) was inserted into the femoral artery for monitoring of mean arterial blood pressure (MAP). This also permitted sampling of arterial blood for analysis of partial pressure of O 2 (PO 2 ) and CO 2 (PCO 2 ), pH, and base-excess using a blood gas analyzer (ABL 500, Radiometer, Copenhagen) throughout the experimental protocol (see below). The left phrenic and hypoglossal (XII) nerves were carefully dissected using a dorsal approach, cut distally, de-sheathed covered with saline soaked cotton wool to prevent desiccation. The rat was then slowly converted to urethane anesthesia (1.8g/kg) and simultaneously weaned off isoflurane. During conversion to urethane anesthesia, an intrathecal surgery was also performed for sub-dural placement of a silicone catheter (O.D. 0.6mm; Access Technologies, IL, USA) as described previously (Baker-Herman and Mitchell, 2002; ). In brief, using a dorsal approach, the muscles overlying the cervical spinal cord were partially separated to expose the cervical vertebra (~C1-C3); the dorsal section of C 2 was carefully removed to expose the underlying spinal cord. The silicone catheter was primed with the relevant compound (drug and/or vehicle) and inserted 2mm through a small incision made in the dura so that the tip was positioned just rostral to C3 for delivery of the compound near the phrenic motor nucleus.
Following placement of the intrathecal catheter, the nerves were submerged in mineral oil and placed on bipolar silver recording electrodes. Once nerve activity was detected, the rat was paralyzed with pancuronium bromide (1mg/kg; Sicor Pharmaceuticals, CA, USA) and then allowed one hour for stabilization of electroneurograms and blood pressure. The raw nerve activity was amplified (gain, 10,000; A-M systems, Everett, WA), bandpass-filtered (100 Hz to 10 kHz), and integrated (CWE 821 filter; Paynter, Ardmore, PA; time constant, 50 msec). The signal was then digitized and recorded using the WINDAQ data acquisition system (DATAQ Instruments, Akron, OH) and later analyzed using custom-designed software on a platform of LabView.
Throughout surgery and experimental protocols, rats were ventilated with ~50% inspired O 2 , which establishes a baseline PaO 2 ~250 mmHg. End-tidal CO 2 was monitored throughout the experiment using a flow-through capnograph (Novametrix, Wallingford, CT). Rats were ventilated at a frequency of ~60-70 br/min and a ventilator volume of 2.5ml or less using a small animal ventilator (Rodent Ventilator, model 683; Harvard Apparatus, South Natick, MA, USA). This level of ventilation typically resulted in hypocapnia as detected by the endtidal CO 2 sensor and required a small amount of CO 2 to be added to the inspired gas. After a stabilization period of 1hr, the apneic CO 2 threshold was determined by progressively lowering the inspired CO 2 until phrenic nerve activity ceased; the CO 2 recruitment threshold was determined by then progressively raising the inspired CO 2 until nerve activity resumed; the end tidal CO 2 was then set 2-3 mmHg above the CO 2 recruitment threshold (see Bach and Mitchell, 1996) . PaCO 2 throughout the experiment was maintained within 1mmHg of baseline by manipulating inspired CO 2 . Blood gases and blood pressure were monitored and corrected as necessary. Negative base excess values more severe than −3 mEq/L were corrected with intravenous sodium bicarbonate, and progressive reductions in blood pressure were offset with intravenous injection of lactated Ringer's solution. Phrenic and XII nerve activity was recorded continuously. Blood (0.3 ml in a heparinized syringe) was sampled once baseline nerve recordings were stabilized and then again at 30, 60 and 90 minutes postepisodic injections of either vehicle or 5-HT receptor agonists (see below). Measurements of phrenic and XII burst frequency and amplitude were evaluated in one minute bins immediately prior to each blood sample. At the end of the experiment, rats were dispatched by urethane overdose in accordance with ethical standards of the institution. Some rats were also perfused with 4% paraformaldeyde (PFA), the cervical spinal cord was removed, stored in PFA overnight and then for 3 days in 30% sucrose (sucrose in 1X phosphate buffered saline), and then at −80°C.
Drugs and vehicles
The following drugs were obtained from Sigma (Sigma-Aldrich, MO, USA): BW723C86 (5-HT2B receptor agonist), 2,5-dimethoxy-4-iodoamphetamine (DOI, a 5-HT2A agonist), SB206553 (5-HT2B antagonist), ketanserin (5-HT2A antagonist) and the NADPH oxidase inhibitors apocynin and DPI. All drugs were initially dissolved in dimethylsulphoxide (DMSO) on the day of the experiment and then diluted in artificial cerebral spinal fluid (aCSF) at DMSO:aCSF ratios determined by the solubility of each compound. However, DMSO was never used in excess of 20% aCSF, which was made fresh on the day of each experiment, although sometimes the remaining aCSF was stored refrigerated and used the following day. Prior to use, the aCSF was bubbled with a gas mixture consisting of 95% O 2 and 5% CO 2 . Apocynin, DPI, ketanserin and DOI were mixed fresh each day, whereas aliquots of the other compounds remained viable for up to a week if stored frozen in DMSO, after which the drugs were discarded. In these situations, the mixture was thawed prior to each experiment and diluted by the appropriate amount of aCSF.
Protocol
Following stabilization of nerve signals, a baseline blood sample was taken, followed by 3 consecutive intrathecal injections (6µl each injection at 5 minute intervals) of agonists selective for the 5-HT2A (DOI) or 2B (BW723C86) receptor. Dose response curves were determined for each agonist to determine the effective dose. For DOI: 1µM (N=4), 10 µM (N=5), 100µM (N=6) and 1mM (N=5); and BW723C86: 10µM (N=5), 100µM (N=4), 1mM (N=6) and 10mM (N=4). In a previous study, micro-injections of the 5-HT2A (α-methyl-5-HT) or 2B (BW723C86) receptor agonists into the XII motor nucleus of neonatal rat brainstem slices enhanced tonic activity of the XII nerve (Gunther et al. 2006 ). In the same study, an injection of BW723C86 directly into the pre-Bötzinger complex also increased respiratory burst frequency suggesting 5-HT2 receptors can modulate the excitability of different brainstem respiratory regions. In our studies, assessment of XII nerve activity, therefore, served as an important internal control to determine if intrathecal injections near the phrenic motor nucleus resulted in unintended drug distribution to brainstem regions, as outlined previously (Baker-Herman and Mitchell, 2002; ). Thus, for either agonist, since we did not observe any changes in XII nerve activity (see Fig. 2) or changes in respiratory frequency (data not shown) even at doses that elicited phrenic motor facilitation, we could reasonably conclude that each agonist exerted localized effects to the phrenic motor region, rather than via unintended effects on brainstem respiratory regions.
Additional groups of rats were pre-treated with relatively selective antagonists for each of the respective receptor subtypes. BW723C86-treated rats were pre-treated (20 minutes prior) with an injection of the 5-HT2B-selective antagonist, SB206553 (300µM, N=5) via a second intrathecal catheter. DOI-treated rats were pre-treated (20 minutes prior) with the 5-HT2Aselective antagonist ketanserin (500µM, N=3) instead. The same doses of each antagonist were also cross-checked against the opposing agonist (i.e. BW723C86 versus ketanserin (N=5) and DOI versus SB206553 (N=3)) to increase confidence in the relative selectively of the agonists. Appropriate time controls (TC's) were performed where rats received only episodic vehicle (3×6µl, N=5) or bolus injection of the antagonists (SB206553, N=2; ketanserin, N=2). Additional groups of rats were used to test if the effective dose for each agonist required NADPH oxidase activity. BW723C86 (1mM) injected rats were pre-treated with a single bolus injection of apocynin (600µM, 15µl, N = 5) or diphenylenodium (DPI; 1mM, 15µl, N = 5) via a second intrathecal catheter ~20 minutes prior to episodic injection of the agonist. These experiments were also performed for DOI (100µM) injected rats (Apocynin, N = 5; DPI, N = 5). DPI and apocynin are functionally distinct inhibitors of NADPH (Hancock and Jones, 1987; O'Donnell et al. 1993 ) and these same doses were previously shown to inhibit AIH-induced pLTF ) and episodic 5-HTinduced pMF (MacFarlane and ). Time control (TC) experiments demonstrated that neither apocynin nor DPI affect phrenic nerve activity have been presented elsewhere (MacFarlane and ).
Immunohistochemistry
Immunohistochemistry was performed on four rats injected with a retrograde tracer, Cholera toxin B fragment (CtB, List Biologicals, Campbell CA, USA) to identify phrenic motor neurons in the cervical spinal cord. Each rat received an intrapleural injection of CtB for retrograde labeling of spinal phrenic motor neurons using a technique similar to that described previously (Mantilla et al. 2009 ). In brief, each rat was anaesthetized with isoflurane, and placed in the supine position on a surgical table while breathing into a face mask that supplied isoflurane (1-1.5%) on a background of O 2 (100% O 2 ). The rib cage was palpated in order to identify the fifth intercostal space at the anterior axillary line and a sterilized 27G needle attached to a 50µl Hamilton syringe was used to inject 25µl of a 0.2% CtB (dissolved in sterile injectable saline) on the left and another 25µl on the right side of the chest into the pleural space. The needle was modified so that it could be inserted no further than 6mm below the surface of the skin. After the injections, the animals were monitored closely for signs of respiratory distress associated with pneumothorax, isoflurane was discontinued and the rats were allowed to recover and monitored for a further 30 minutes. All rats recovered well and showed no sign of respiratory distress.
At 3 days post-injection, rats were again anesthetized with isoflurane, euthanized (0.3ml Beuthanasia-D, i.c., Schering-Plough, NJ. USA) and transcardially perfused with heparinized saline (4 IU/ml) followed by 4% PFA solution (freshly made in 0.1M phosphate buffer, pH adjusted to 7.4). 3 days post-CtB injections is sufficient time to allow for adequate retrograde tracing of the fragment from the site of injection (pleural space/ diaphragm) to the spinal cord. The cervical spinal cord (~C 3 -C 5 ) was removed and placed in 4% PFA overnight at 4°C, then transferred to 20% sucrose (PBS buffered) until it sank (typically overnight). Serial coronal sections (40µm thick) were prepared using a freezing microtome (Leica SM2000R) and stored in a cryoprotectant solution (30% ethylene glycol, 30% glycerol in PBS 0.1M). For double labeling with CtB and 5-HT2A receptor, free floating sections were washed with PBS 0.1M, incubated in a blocking solution (5% normal donkey serum, 0.1% triton in PBS for 30 min) and incubated overnight at 4°C with goat anti CtB antibody (1:10000, Calbiochem) and rabbit anti-5-HT2A receptor (1:200, courtesy of Dr. M. Brownfield). After several washes, the sections were incubated with a secondary antibody (Alexa 594 anti goat 1:1000 for CtB; Alexa 488 anti-rabbit for 5-HT2A 1:200; Molecular probes, Eugene, OR, USA) at room temperature for 2hr 30min. The sections were washed several times in PBS and mounted on slides (superfrost) using an antifade solution (Prolong Gold antifade reagent, Invitrogen, OR, USA).
For double labeling of CtB with 5-HT2B, two different 5-HT2B antibodies from two different species were used: mouse anti-5-HT2B (1:200, BD Pharmigen, lot 00173, San Jose, CA, USA) or rabbit anti-5-HT2B (1:200, ABCAM, AB32994). All tissues were processed as described previously, and incubated in a secondary antibody (1:200, Alexa 488 anti rabbit, Alexa 488 anti mouse, Molecular probes, Eugene, OR, USA).
Slides were examined with a confocal microscope (Eclipse TE 2000-U, Nikon, Japan) with EZ-C1 software (Nikon, Japan). Z-stacks were taken (30µm thick, 2µm steps) with 20× magnification objective and images were rendered with the max intensity finished using the 3D project from the EZ-C1 software.
Statistical analysis
Peak integrated nerve amplitude and frequency (bursts per minute) of phrenic and XII nerve activity were averaged in 1min bins at each recorded data point (baseline, 30, 60 and 90 minutes post-episodic injections of 5-HT agonists). Values were expressed as a % change from baseline. For changes in phrenic and XII nerve activity, within rat comparisons were made with baseline; whereas comparisons were also made between TC treated rats at all time points. Statistical comparisons were made for time and drug treatment using two-way, repeated measures ANOVA. The Bonferroni post hoc test was used to identify statistically significant individual comparisons. Differences were considered significant at p < 0.05. All values are expressed as mean ± 1 SEM.
Results

5-HT2A and 5-HT2B agonists induce pMF
Episodic intrathecal injections (3×6µl) of the 5-HT2A agonist, DOI caused a progressive increase in phrenic (Fig. 1A) nerve burst amplitude lasting at least 90 minutes post-injection (i.e. phrenic motor facilitation, pMF). The magnitude of DOI-induced pMF was dosedependent ( Fig. 2A) , increasing with each dose up to 100µM (48.7 ± 8.2% above baseline). A single injection of DOI failed to elicit pMF and there were also no obvious short-term neuromodulatory effects of DOI on phrenic nerve activity (Fig. 1A) . pMF was no longer present above 100µM (1mM, 15.0 ± 6.9%), revealing a bell-shaped dose-response curve ( Fig. 2A ) similar to serotonin (MacFarlane and . DOI had no effect on XII nerve activity at any dose studied (Fig. 2B) suggesting that the drugs had not distributed to the brainstem and increased descending respiratory drive (ie. XII acts as an internal control for drug distribution).
Similar results were observed following episodic intrathecal injections (3×6µl) of the 5-HT2B agonist, BW723C86, which also caused a progressive increase in phrenic ( Fig. 1B) nerve burst amplitude lasting at least 90 minutes post-injection (i.e. phrenic motor facilitation, pMF). A single injection of BW723C86 did not elicit pMF and there were no short-term neuromodulatory effects of BW723C86 injections on spontaneous phrenic nerve activity at the doses studied (Fig. 1B) . The magnitude of pMF was also dose-dependent and highest at 1mM (46.2 ± 5.4%, above baseline, Fig. 2C ). A higher dose (10mM) had no further effect on pMF magnitude (44.5 ± 8.1%). The magnitude of BW723C86-induced pMF was similar in magnitude to DOI-induced pMF (c.f. BW723C86, 1mM, 46.2 ± 5.4%), albeit at an order of magnitude higher dose (1mM vs 100µM). Interestingly, in contrast to DOI, there was no bell-shaped dose-response curve with BW723C86. At all doses tested, XII nerve activity was unaffected (Fig. 2D ).
Selective antagonists block pMF
pMF elicited by the 5-HT2A agonist, DOI, was blocked by a 500µM intrathecal injection of the 5-HT2A selective antagonist, ketanserin (2.6 ± 7.1%; Fig. 3A ). However, the same dose of ketanserin did not affect the magnitude of BW723C86-induced pMF (41.5 ± 6.3%; Fig.  3B ). pMF elicited by the 5-HT2B agonist, BW723C86, was blocked by pre-treatment with a 300µM intrathecal injection of the 5-HT2B selective antagonist, SB206553 (11.1 ± 9.8%; Fig.  3B ). In contrast, SB206553 (at the same dose) had no effect on DOI (5-HT2A)-induced pMF (46.2 ± 2.1%; Fig. 3A) .
These results confirm that DOI and BW723C86 were selective with respect to their intended target receptors, and that 5-HT2A and 5-HT2B receptors independently elicit pMF.
5-HT2A and 5-HT2B receptor immunoreactivity in the phrenic motor nucleus
Retrogradely labeled phrenic motor neurons (Cholera toxin-B immuno-positive) were identified in clusters in the ventral-lateral gray matter in coronal sections of ~C4 in all four rats receiving intrapleural injections. A representative section from one rat indentifying CtBpositive phrenic motor neurons co-labeled with the 5-TH2B receptor is provided in Figure  4A . 5-HT2B receptor labeling was observed in the neuropil and at the membrane surface of CtB-positive phrenic motor neurons (Fig. 4D ) as well as intensely stained in their nuclei (Fig. 4D ). Similar staining is seen in different (inter-) neurons of the same slices. Even though we used two different antibodies for the 5-HT2B receptor, the pattern of staining was the same with both of them (data not shown). The 5-HT2A receptor labeling was also observed in phrenic motor neurons although it is difficult to definitively determine if they are also located on the membrane (Fig. 4E) . 5-HT2A receptor labeling was also diffusely in the neuropil and in unlabeled neurons near neighboring the phrenic motor neurons. Thus, identified phrenic motor neurons express both 5-HT2A and 5-HT2B receptors, consistent with the observation that both 5-HT2A and 5-HT2B agonists are both capable of eliciting pMF, although the role of these receptors in cell types other than phrenic motor neurons cannot be ruled out using our approach.
NADPH oxidase activity is necessary only for 5-HT2B-induced pMF
Optimal doses of BW723C86 (1mM) and DOI (100µM) were chosen for experiments testing whether NADPH oxidase activity is necessary for 5-HT receptor induced pMF. The effects of intrathecal injections of apocynin and DPI were similar to one another, but had differential effects on BW723C86-versus DOI-induced pMF. Neither apocynin (50.9 ± 12.9%) nor DPI (61.7 ± 11.8%) had any significant effect on DOI-induced pMF (Fig. 5) . In contrast, apocynin (600µM) or DPI (1mM) significantly attenuated (13.5 ± 3.6% and 7.7 ± 11.2 %, respectively) BW723C86-induced pMF (Fig. 6 ).
Discussion
Our results demonstrate that: 1) episodic spinal 5-HT2A or 2B receptor activation (without hypoxia/re-oxygenation) are both sufficient to elicit phrenic motor facilitation (pMF) in vivo; 2) both receptors are expressed in identified phrenic motoneurons; 3) the magnitude of agonist-induced pMF is dose-dependent, although only DOI-induced pMF revealed a bellshaped curve; and 4) 5-HT2B, but not 5-HT2A receptor induced pMF requires spinal NADPH oxidase activity. These data provide important insight concerning the varied Gq-coupled receptor mechanisms whereby serotonin elicits spinal respiratory plasticity.
Episodic 5-HT2A and 2B-induced pMF
Episodic intrathecal injections of 5-HT2A or 2B agonists (DOI and BW723C86, respectively) elicit pMF lasting at least 90 minutes post-injection, an effect similar in magnitude and time course to AIH-induced phrenic long-term facilitation (pLTF) and 5-HT induced pMF (MacFarlane and . There was no effect on XII nerve activity (i.e. no facilitation) with either agonist at any dose tested, suggesting that effective doses did not reach the brainstem through unintended drug distribution. Single injections of either agonist had no effect on phrenic nerve discharge, suggesting episodic 5-HT2A and 5-HT2B receptor activation is necessary to induce pMF. In contrast to a previous study, a single intravenous injection of the 5-HT2A agonist DOI was sufficient to restore activity in the phrenic nerve ipsilateral to C2 spinal "hemisection" for up to 2 hrs after the injection . The sustained effects of a single injection of DOI in a rodent model of a spinal injury are difficult to compare with our model, but could be related to the drastic effects that spinal injury has on the spinal cord. Collectively, our data support previous findings that episodic spinal 5-HT injections elicit pattern-sensitive pMF ). We speculate that the same mechanisms underlie AIH-induced phrenic LTF, although this hypothesis remains to be tested (see below).
Both 5-HT2A and 2B receptor activation elicited dose-dependent pMF. However, the shape of those dose response curves were quite different since only the 5-HT2A receptor agonist revealed a bell-shaped curve whereas 5-HT2B receptor did not. Although we cannot be sure that higher doses of the 5-HT2B agonist would not reveal a bell-shaped curve, the 5-HT2A effect is reminiscent of 5-HT induced pMF shown previously . In that study, we demonstrated that the declining phase (i.e. at higher doses) of the pMF dose response curve was determined by the activation of opposing 5-HT receptors. For example, 5-HT2 receptor activation initiates cellular processes that promote pMF, whereas other receptors, specifically the 5-HT7 subtype, inhibit pMF to an extent that depends on the availability of extracellular 5-HT (MacFarlane and . Similarly, at the highest dose of DOI studied, this agonist may lose selectivity and activate other 5-HT receptors that inhibit 5-HT2A induced pMF in a way shown previously with progressively higher doses of 5-HT (MacFarlane et al. 2009).
The differential dose-dependent effects of DOI and BW723C86 further support the idea that these agonists elicit pMF via different receptor sub-types. This relative selectivity was confirmed by the ability of selective antagonists (ketanserin vs SB206553) to block the appropriate form of pMF, but not pMF elicited by the other receptor agonist (see Fig. 3 ). Specifically, the 5-HT2A selective antagonist ketanserin completely blocked DOI-induced pMF, but had no effect on BW723C86-induced pMF. The converse was true for the 5-HT2B selective antagonist, SB206553, which had no effect DOI-induced pMF (Fig. 3) . Collectively, there is strong supportive data to suggest that the supposedly selective 5-HT2 receptor agonists had their intended effects without any cross-over to the other receptor subtype. Since selective spinal activation of each receptor subtype elicits pMF, we wondered if they do so via the same cellular mechanism since both are Gq-protein coupled metabotropic receptors (Hannon and Hoyer, 2008) . We tested this idea by exploring their requirement for spinal NADPH oxidase activity.
Only 5-HT2B-induced pMF requires spinal NADPH oxidase activity
Since BW723C86-induced pMF (1mM) was attenuated by intrathecal DPI or apocynin, and 5-HT2A induced pMF was not, there is clear evidence that these receptor subtypes differ in the details of the mechanisms giving rise to pMF. The requirement of 5-HT2B induced pMF for spinal NADPH oxidase activity and ROS formation is consistent with AIH-induced pLTF, which also requires spinal 5-HT receptor activation Baker-Herman and Mitchell, 2002) Since key subunits of the NADPH oxidase complex are localized in putative phrenic motor neurons ), we propose that pMF following episodic 5-HT2B receptor activation reflects the same underlying mechanism as AIH-induced pLTF ). However, the requirement of AIH-induced pLTF for selective 5-HT2A vs 2B receptor activation has not been thoroughly explored.
NADPH oxidase activity is important for multiple forms of neuroplasticity, including hippocampal LTP (Kishida et al. 2006; see Kishida and Klann, 2007) and sensory facilitation of the carotid body (Peng et al. 2006; . In the latter case, sensory facilitation of the carotid body following CIH was mimicked by episodic application of 5-HT and was blocked by the 5-HT2A receptor antagonist, ketanserin (Peng et al. 2006 ). This finding is in contrast to the current study in which only the BW723C86-induced pMF required NADPH oxidase activity, whereas DOI-induced pMF did not. Mechanistic distinctions giving rise to differential NADPH oxidase dependence of the two forms of plasticity is unknown. 5-HT2B receptors have been shown to increase NADPH oxidase activity. For example, angiontensin II stimulated a 5-HT2B-dependent increase in NADPH oxidase activity in cardiac fibroblast cells and antagonists to the 5-HT2B receptor prevented an angiontensin II-induced increase in ROS formation and ventricular hypertrophy in vivo (Monassier et al. 2008) . 5-HT2B receptor activation also increased NADPH oxidase-derived ROS formation in 1C11 cell lines (Schneider et al. 2006) . The differential effects of apocynin/DPI on receptor-induced pMF confirm that the respective agonists (DOI and BW723C86) elicit pMF via different receptors (and different downstream mechanisms). Although NADPH oxidase activity is a common theme to AIH-induced pLTF and CIHinduced carotid body sensory LTF, receptor antagonist studies do not allow us to determine if perhaps both receptor subtypes must be activated to achieve the full response. If both receptors must be activated, then the response could be blocked with antagonists targeting either receptor subtype alone, or by inhibitors of mechanism initiated by a single receptor subtype, for example, inhibition of NADPH oxidase. Thus, there are currently no studies available to test the hypothesis that both 5-HT2A and 2B receptors must be activated to induce either AIH-induced pLTF or sensory LTF after CIH pre-treatment. The results revealing that successful blockade of these forms of plasticity with ketanserin alone Peng et al. 2006) , therefore, does not exclude the possibility that multiple serotonin receptors do not play a role.
Conclusions
We provide evidence that episodic activation of either spinal 5-HT2A or 2B receptors is sufficient to elicit phrenic motor facilitation, but that they do so via mechanisms that differ in their requirement for NADPH oxidase activity. Our data are consistent with reports concerning the role of spinal serotonin receptors Baker-Herman and Mitchell, 2002) and NADPH oxidase ) in AIH-induced pLTF, suggesting that both forms of plasticity share a common mechanism (MacFarlane and . Several lines of evidence indicate that agonists used successfully targeted the intended receptor including: 1) different shapes of the dose/response curves, 2) the ability of selective antagonists to block the relevant agonist-induced pMF, but not pMF induced by the other receptor agonist; and 3) differential sensitivity to NADPH oxidase inhibitors.
We provide evidence of 5-HT2A receptors within and around positively identified phrenic motor neurons, which is consistent with previous reports . On the other hand, although very little is known about 5-HT2B receptor distribution anywhere in the CNS, we provide the first evidence of its existence located in phrenic motor neurons and, specifically within the membrane. Although the presence of 5-HT2B (and 5-HT2A) receptors on phrenic motor neurons supports their involvement in spinal mechanisms of respiratory plasticity (e.g. following AIH), their localisation in the surrounding neuropil and in neighbouring (inter-) neurons means we are unable to conclusive exclude the involvement of neighbouring cells involved in the expression of pMF. Further work is necessary to determine differences in the cellular pathways that underlie DOI-and BW723C86-induced pMF. Collectively our data provide further insight concerning mechanisms giving rise to spinal mechanisms of respiratory plasticity. Representative phrenic neurograms from four rats that received episodic (top traces) or a single (bottom traces) intrathecal injection of agonists selective for (A) the 5-HT2A receptor (DOI, 100µM) or (B) the 5-HT2B receptor (BW723C86, 1mM) . Note the increase in phrenic nerve burst amplitude (i.e. phrenic motor facilitation, pMF) up to 90 minutes following the last injection for each agonist, whereas a single injection had no effect. Open arrows indicate an injection of the agonist. In experiments that addressed the effects of episodic intrathecal injections, each injection was administered at 5 minute intervals (6µl/injection). Dashed line extrapolates baseline (i.e. pre-injection) nerve burst amplitude. 10 second bins illustrating several breaths for each rat are provided at the beginning of the traces. Dose-response curve of phrenic motor facilitation (pMF) evaluated at 90 minutes following episodic (3×6µl at 5 minute intervals) intrathecal injections of the 5-HT2A agonist DOI (A) or 5-HT2B agonist (C) Neither episodic DOI or BW723C86 had any effect on XII nerve activity (B and C, respectively) . DOI-induced pMF was maximal at 100µM dose, and subsequently chosen for additional experiments; at doses higher than 100µM, however, pMF was reduced, revealing a bell-shaped dose-response curve. Episodic BW723C86 also elicited dosedependent pMF and was maximal at 1mM, whereas a higher dose had no further effect on the magnitude of pMF. Effects of pre-treatment with 5-HT2 receptor antagonists on pMF. A) 5-HT2A agonist-DOI: pre-treatment with ketanserin (5-HT2A antagonist, 500µM) blocked DOI-induced pMF, whereas pre-treatment with the SB206553 (5-HT2B antagonist, 300µM) had no effect. B) 5-HT2B agonist-BW723C86: pre-treatment with the dose of ketanserin that successfully blocked DOI-induced pMF had no effect on BW723C86-induced pMF, whereas pretreatment it was blocked by SB206553. Values are means ± 1SEM and expressed as a % change from baseline (evaluated at 90minutes post-injection of agonists). *significant difference between treatment groups as indicated (P<0.05). Each antagonist was 12µl in volume and injected 20 minutes prior to episodic injections of the agonist. Double immunofluorescent staining of 5-HT2A and 2B receptors (green) with the retrograde tracer (red) Cholera toxin B fragment (CtB) in phrenic motor neurons in the cervical spinal cord (~C 4 region). (A) 4× magnification of the C 4 spinal cord area containing CtB-labeled phrenic motor neurons (red) located bilaterally in the ventral horn and labeled with the 5-HT2B receptor (green); scale bar: 1mm. (B) Higher magnification (20×) of the clustered phrenic motor neurons within the dashed square region outlined in (A), and a 20× magnification (C) of phrenic motor neurons labeled with 5-HT2A receptors in a different rat. In (B), note the CtB positive phrenic motor neurons (red) are co-labeled with intense nuclear staining (arrows) as well as in the surrounding neuropil for the 5-HT2B receptor (green); scale bar: 100µm. Under 100× magnification (D), the 5-HT2B receptor also appears to be in the membrane (middle and right panels) of phrenic motor neurons (arrow heads). Note, 100× magnification (E) of CtB positive phrenic motoneurons (red) co-labeled with the 5-HT2A receptor (green), which is located in the cytoplasm (arrow heads) of phrenic motor neurons and the surrounding neuropil; scale bar: 10µm.
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Figure 5.
Phrenic motor facilitation (pMF) following episodic (3×6µl at 5 minute intervals) intrathecal injections of the 5-HT2A agonist, DOI (100µM) and the effects of pre-treatment with intrathecal injections of the NADPH oxidase inhibitors, apocynin and DPI. A) pMF evaluated at various time-points (as indicated) following episodic DOI (open circle). Note, that pre-treatment with either apocynin (solid triangle, 600µM) or DPI (open triangle, 1mM) 20 minutes prior to DOI had no effect on the agonist-induced pMF. TC treated group is also included (Closed circle). Values are means ± 1 SEM and expressed as % change from baseline amplitude (i.e. 0%). *significant difference from baseline value (P<0.05); # significant difference from DOI-treated rats. Below are representative Phrenic motor facilitation (pMF) following episodic (3×6µl at 5 minute intervals) intrathecal injections of the 5-HT2B agonist, BW723C86 (1mM) and the effects of pre-treatment with intrathecal injections of the NADPH oxidase inhibitors, apocynin and DPI. A) pMF evaluated at various time-points (as indicated) following episodic BW723C86 (open circle). Note, that pre-treatment with either apocynin (solid triangle, 600µM) or DPI (open triangle, 1mM) 20 minutes prior to BW723C86 inhibited the agonist-induced pMF. TC treated group is also included (Closed circle). Values are means ± 1 SEM and expressed as % change from baseline amplitude (i.e. 0%). *significant difference from baseline value (P<0.05); # significant difference from time control-treated rats. Below are representative
